Co-gen er a tion sys tems pro duce si mul ta neously elec tri cal and ther mal en ergy and are gen er ally more ef fi cient than con ven tional sys tems for sep a rate pro duc tion. More over, on site pro duc tion is char ac ter ized with lower dis tri bu tion losses in both elec tric and heat ing sys tems. In or der to fur ther im prove ef fi ciency of such sys tems, ther mal en ergy is of ten used in ab sorp - 
tion re frig er a tion units for cool ing pur poses. Sys tems that pro duce elec tri cal, heat ing, and cooling en ergy are called tri-gen er a tion sys tems.
Achieve ment of the best or nearly the best fi nan cial or tech ni cal in di ca tors of co-gen er ation and/or tri-gen er a tion sys tems re quires these sys tems to be prop erly de signed and op er ated, i. e. to be op ti mized. Op ti mi za tion of co-gen er a tion sys tems in gen eral is dis cussed in de tails in [1] . The topic of this pa per is op er a tional op ti mi za tion, i. e. de ter mi na tion of val ues re lated to op er ation of tri-gen er a tion plants for pre vi ously de fined and sized equip ment of the fa cil ity.
Op er a tional op ti mi za tion of the co-gen er a tion and tri-gen er a tion plants is sub ject of a num ber of pa pers. Dif fer ent au thors used dif fer ent ob jec tive func tions and dif fer ent ap proaches. In [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] ob jec tive func tions are re lated to fi nan cially op ti mal op er a tion, in [13, 14] quan tity known as pri mary en ergy sav ings is em pha sized as an ob jec tive func tion, while Osman et al. [15] op ti mize three quan ti ties: pri mary en ergy con sump tion, global warm ing po ten tial, and tropo spheric ozone pre cur sor po ten tial.
Dotzauer [2, 3] shows that op er a tional op ti mi za tion could be used for op ti mal short term (24 hours to 7 days) en ergy pro duc tion plan ning based on en ergy de mand fore casts in or der to achieve the best fi nan cial re sults. Kalina et al. [4] and Cho et al. [5] em pha size the im por tance of op er a tional op ti mi za tion for op ti mal con trol of the equip ment of co-gen er a tion plants. Op er ational op ti mi za tion is also im por tant as a part of de sign level op ti mi za tion [1] and de ci sion making in the fea si bil ity stage of the co-gen er a tion/tri-gen er a tion pro jects.
While Cho et al. [5] , Lahdelma et al. [6] , Rong et al. [7] and Rong et al. [10] use lin ear or linearized mod els, Dotzuer [2, 3] for mu lates prob lem as strongly non-lin ear, mostly due to us age of ef fi cien cies of the equip ment and their qua dratic de pend en cies on part loads. Kalina et al. [4] use ge netic al go rithm, Chicco et al. [13] use se quen tial qua dratic pro gram ming, while Boji} et al. [12] and Osman et al. [15] pres ent mixed in te ger lin ear pro gram ming prob lems.
Op er a tional op ti mi za tion re lated to this pa per is per formed us ing the TRIGEN MSO soft ware de vel oped by the au thors of this pa per at the Fac ulty of Me chan i cal En gi neer ing Niš [14] . The ap proach used in this pa per has cer tain com mon char ac ter is tic with mod els de scribed in some of the men tioned references. This model is also partly in spired by mod els pre sented in [16] [17] [18] . TRIGEN MSO al lows the user to de cide whether the ob jec tive func tion is fi nan cial or re lated to pri mary en ergy sav ings, or even the weighted av er age of both. In this model, part load curves and other de tails are used and the level of de tails ex am ined is sim i lar as in ref er ent modules of the lead ing soft ware for en ergy sys tems sim u la tions like DOE-2 [16] , eQUEST or ENERGY PLUS [17] .
In this pa per, op er a tional op ti mi za tion prob lem is de scribed, as well as the fol low ing math e mat i cal model re ly ing on part load per for mance curves of the equip ment and the con di tion that elec tri cal, heat ing, and cool ing de mands must be sat is fied at the same time. Model described in this pa per con sid ers co-gen er a tion unit as a cen tral one, tak ing into ac count vari a tions in its per for mance as a func tion of part load ra tio, am bi ent tem per a ture, al ti tude, etc. and ex amin ing these re la tions in de tails. Co-gen er a tion unit is as sumed to be a nat u ral gas fired in ter nal com bus tion re cip ro cat ing en gine gen er a tor set. With some mod i fi ca tions, the model could be ap plied to gas tur bines based plants. Other units are also mod eled in de tails.
be also ad justed to max i mize pri mary en ergy sav ings or min i mize en vi ron men tal impact, but that is be yond the scope of this pa per.
Tri-gen er a tion fa cil ity con sid ered in this pa per, sche mat i cally shown in fig.  1 , con tains the fol low ing units: (1) co-gen er a tion units, i. e. en gine gen er a tor sets that si mul ta neously produce elec tri cal and ther mal en ergy and con sume fuel, i. e. nat u ral gas, (2) sup plemen tary heat ing units, i. e. hot wa ter boil ers, that produce ad di tional amount of ther mal en ergy, and (3) re frig er a tion units, i. e. ab sorp tion chill ers that use ther mal en ergy and small amount of elec tri cal en ergy as an in put and com pres sion chill ers that con sume only electri cal en ergy. En gine gen er a tor sets and hot wa ter boil ers also con sume small amounts of aux iliary elec tri cal en ergy re quired for op er a tion. The model is de fined in such way that ad di tional elec tri cal en ergy might be im ported from the na tional elec tri cal grid or ex cess elec tric ity produced in the en gine gen er a tor sets might be ex ported to the grid. Elec tri cal, heat ing, and cool ing de mands to be sat is fied by the tri-gen er a tion plant have to be pre de fined and these three val ues are in puts into math e mat i cal model. This model is based on the fol low ing as sump tions: (1) the as sump tion that the op er ation pa ram e ters for each time in ter val are in de pend ent of the pa ram e ters for any other in ter val and (2) steady-state op er a tion as sump tion, i. e. it is as sumed that dur ing each time in ter val observed en ergy de mands are con stant, as well as all quan ti ties re lated to tri-gen er a tion plant op era tion. The ex cep tion might be per for mance dur ing start-up and shut down pe ri ods for equipment, but treat ment of these in flu ences is be yond the scope of this pa per. Length of the in ter vals of time ob served might be spec i fied. It is usu ally taken to be 1 hour, like in this pa per, but the model al lows lon ger or shorter in ter vals to be de fined, de pend ing on the ne ces sity for pre ci sion and hav ing in mind that larger num ber of shorter time in ter vals re quire more pre cise in puts and lon ger time re quired for cal cu la tion.
Op ti mi za tion al go rithm is shown in fig. 2 . Based on pre vi ously de fined equip ment and man u fac tur ers' data, cli mate data, and en ergy de mands for each in ter val of time ob served (e. g. each hour), ini tial set of fea si ble in te ger vari ables de fin ing num ber of units of each kind (co-gener a tion, sup ple men tary heat ing, and re frig er a tion) run ning is de fined. Start-up and shut down en ergy con sump tion can then be de ter mined for all kinds of equip ment on a daily ba sis. For each in ter val of time op er a tional op ti mi za tion is per formed and val ues of de ci sion vari ables and objec tive func tion(s) are found. The model is also ca pa ble to per form op er a tional op ti mi za tion for more in ter vals (i. e. 24 or 48 hours) at once if needed. An other fea si ble set of in te ger vari ables is than de fined, etc. Dif fer ent sets of in te ger vari ables are de fined us ing the com bi na torial al gorithms un til the op ti mal fi nal daily value(s) of the ob jec tive func tion(s) are found. If only one unit of each kind is fore seen, then in te ger vari ables be come bi nary vari ables show ing whether the unit is on or off dur ing the ob served in ter val. In this pa per, math e mat i cal model for op er ational op ti mi za tion for an in ter val of time is de scribed, while de ter mi na tion of in te ger vari ables and other as pects are be yond its scope.
Ob jec tive func tion
There are sev eral im por tant and of ten used fi nan cial pa ram e ters de fined in [1, 19] . Although dy namic pa ram e ters like net pres ent value, in ter nal rate of re turn, and dy namic pay-back pe riod are more so phis ti cated for fi nan cial anal y ses, the ob jec tive func tion con sid ered in this arti cle is sim ple pay-back pe riod be cause it is widely used and rec og nized in en gi neer ing anal y ses. Thus the ob jec tive is to min i mize sim ple pay-back pe riod, SPB: 
where Z CI is the amount of cap i tal in vest ment of the co-gen er a tion pro ject (land, equip ment, licenses, etc.) and DCF -the dif fer ence be tween the an nual cash flow fore casts for ref er ent, baseline sce nario (with out con struc tion of the co-gen er a tion fa cil ity) and pro ject sce nario where co-gen er a tion im ple men ta tion is fore seen. Men tioned cash flows are con tained of op er at ing costs (fuel, elec tri cal en ergy, main te nance, la bor, ad min is tra tive costs, etc.), op er at ing rev e nues from sell ing prod ucts (elec tri cal and heat ing en ergy) and other costs. Choice of cash flows included and ref er ent years for con sid er ation might vary de pend ing on the ap proach.
The ob jec tive is to min i mize sim ple pay-back pe riod of the co-gen er a tion pro ject subject to the tech ni cal op er at ing pa ram e ters, thus it is con ve nient to in tro duce new func tion that should be max i mized:
where F B-C is the an nual ben e fit-cost func tion con tained of all the op er at ing costs and rev e nues that de pend on op er a tional re gimes of the fa cil ity for that year and F NA -the func tion of the costs non-re lated on the op er a tion modes and, thus im pos si ble to in flu ence with op er a tional op ti mi zation. Hav ing this in mind F B-C is de fined as:
where t is time, Dt is du ra tion of each in ter val, in hours, b e , c e , and c f are prices of sold and purchased elec tri cal en ergy and fuel, i. e. nat u ral gas, in € per kWh, & W G,S and & W G,P are elec tri cal power sold to and pur chased from the na tional grid, re spec tively, in kW, & Q I
EGS and & Q I
B are time rates of pri mary en ergy (fuel) con sump tion of the en gine gen er a tor set and boiler, re spec tively, in kWh of the fuel net cal o rific value per unit of time. Z OMc is the sum of fixed op er a tion and main te nance costs, ex cept fuel costs, i. e. the costs not de pend ing on the op er a tion for all the units, while & Z OMv -the time rate of the sum of vari able op er a tion and main te nance costs for all the units, i. e. costs de pend ent on the cur rent elec tri cal power out put of the en gine gen er a tor set, ther mal power out put of boiler, time of op er a tion of the units, etc. Sub script CG re fers to co-gener a tion im ple men ta tion case, i. e. co-gen er a tion pro ject sce nario, while sub script RF in di cates ref er ent case, i. e. base line sce nario. For the pur pose of this ar ti cle it is as sumed that elec tri cal en ergy price is 10.59 c€/kWh when ex ported to the grid, ac cord ing to the valid feed-in tar iff in Ser bia (ac cord ing to the size of co-gen er a tion unit) and from 7 to 10 c€/kWh when im ported from the grid dur ing the high price tar iff (from 8 AM to mid night) and 4 times less dur ing the low price tar iff. Nat u ral gas price, based on the net cal o rific value, is 4 c€/kWh. Equa tion (3) might take more com pli cated forms if some tar iff sys tems are con sid ered.
Max i mi za tion of the ben e fit-cost func tion leads to the min i mal value of the sim ple pay-back pe riod sub ject to tech ni cal op er at ing pa ram e ters, as al ready shown, but also to op ti mal val ues of some dy namic fi nan cial in di ca tors like net pres ent value or dynamic pay-back period. Fol low ing the as sump tion that the op er a tion vari ables for any time in ter val ob served, t, are in de pend ent of the op er a tion vari ables in other in ter vals, an nual ben e fit-cost func tion given in eq. (3) is de fined as a sum of ben e fit-cost func tions for each time in ter val ob served during the year. Max i mi za tion of an nual ben e fit-cost func tion, thus, is achieved by sep a rate max imi za tion of ben e fit-cost func tions for each in ter val (e. g. 1 hour) or more con sec u tive in ter vals (e. g. 24 hours).
Math e mat i cal model
Math e mat i cal model rep re sents the set of con straints re lated to de ci sion vari ables and the abil ity of the plant to sat isfy elec tri cal, heat ing, and cool ing en ergy de mands in the ob served in ter val. It also might in clude sat is fac tion of high ef fi ciency co-gen er a tion cri te ria re lated to primary energy savings.
Co-gen er a tion unit
Math e mat i cal model for co-gen er a tion unit, i. e. en gine gen er a tor set is very de tailed and is mostly based on the man u fac turer's data. Sim pli fied scheme of this unit is given in fig. 3 .
De ci sion vari ables re lated to the en gine gen er a tor set part load op er a tion, are: (1) electri cal power out put dur ing the ob served time in ter val, & W EGS t , con strained with min i mal and max imal val ues if the en gine is on and equal to 0 if the en gine is off, (2) ther mal power gen er ated during ex haust gas ses cool ing, & Q EGS XGt , also con strained with its max i mal value, & Q EGS XGtott , that is the func tion of elec tri cal power gen er ated, and (3) ther mal power re jected dur ing en gine cool ing, & Q EGS 0t . In stead of elec tri cal power, part load ra tio of the en gine gen er a tor set or me chan i cal power out put, i. e. shaft power might be used also.
Pri mary en ergy (fuel, nat u ral gas) con sumed by the en gine gen era tor set dur ing part load op er a tion in the ob served in ter val of time, & Q EGS It , is cal cu lated as a func tion of elec tri cal power gen er ated (or part load ra tio), am bi ent tem per a ture and al ti tude, based on man u facturer's data. Start-up and/or shut down en ergy con sump tion might be added to pri mary en ergy (fuel) consump tion if the en gine has been off in the pre vi ous in ter val of time or is planned to be off in the fol low ing in ter val. How ever, this value is not so im por tant for the re sults of the op ti mi za tion pro ce dure since it depends only on pre de fined in te ger vari ables and en gine prop er ties, i. e. does not de pend on any of the mentioned de ci sion vari ables. Q EGS LTCt , from the en gine cool ing sys tem, and (4) very low tem per a ture en ergy ra di ated from dif fer ent parts of the en gine gen er a tor set to the en vi ron ment. All mentioned types of en ergy de pend on elec tri cal power out put (i. e. part load ra tio). The fourth type is not go ing to be ex am ined fur ther, since it is not us able, while three oth ers are rep re sented in the func tion of elec tri cal en ergy gen er ated (or part load ra tio), am bi ent tem per a ture, and al ti tude, based on man u fac turer's data. Low tem per a ture en ergy, for the pur pose of this pa per, is go ing to be as sumed to be en tirely re jected to the en vi ron ment. Re jec tion of ther mal en ergy to the en viron ment re quires aux il iary elec tri cal en ergy to be con sumed for op er at ing the fans, since the energy is re jected ei ther us ing wa ter-air heat exchangers with forced con vec tion or ven ti lat ing the en gine con tainer. One of the ad van tages of this model is that it rec og nizes the dif fer ence between dif fer ent ther mal en ergy sources of the en gine gen er a tor set. One of the pos i tive con sequences is that the op ti mi za tion pro ce dure al lows en ergy from ex haust gas ses to be partly used and partly re jected to the en vi ron ment, not re quir ing aux il iary elec tri cal en ergy for the rejection.
Aux il iary elec tri cal power re quired by the en gine gen er a tor set, & W EGS xt , for ex cess energy re jec tion, con tainer ven ti la tion, pro vid ing air, i. e. ox y gen for com bus tion, for pumps, control de vices and other aux il iary elec tri cal de vices is mod eled as a func tion of the part load mode, am bi ent tem per a ture and amounts of re jected high and low tem per a ture power.
For pre de fined am bi ent tem per a ture and al ti tude, as well as hav ing in mind the assump tion that low tem per a ture ther mal power avail able, which is de fined as the func tion of electri cal out put, is com pletely re jected to the en vi ron ment, en gine gen er a tor set re lated con straints might be writ ten in the form of eqs. (4)- (7):
Sup ple men tary heat ing unit
De ci sion vari able re lated to the heat ing unit, i. e. boiler part load op er a tion is ther mal power out put from the boiler, & Q B t , con strained with min i mal and max i mal val ues if the boiler is on and equal to 0 if the boiler is off. Part load ra tio might be used in stead.
Pri mary en ergy (fuel, nat u ral gas) con sumed, & Q I B t , might be rep re sented as a func tion of ther mal power out put and wa ter tem per a ture at the exit of the boiler, T W t . This tem per a ture is usu ally de fined in the form of the reg u la tion curve, de pend ing only on the ex ter nal tem per a ture, which is pre de fined in this case. Thus pri mary en ergy con sump tion might be represented like: Start-up and/or shut down en ergy con sump tion dis cus sion for en gine gen er a tor set is ap pli ca ble for the case of hot wa ter boil ers also.
Aux il iary elec tri cal power re quired for boiler op er a tion, & W B xt , is de fined as a func tion of the ther mal power output.
Cool ing com po nents
De ci sion vari ables for cool ing com po nents, i. e. sin gle stage ab sorp tion chiller and com pres sion chiller are re frig er a tion power out puts from these units: & Q ABC rt and & Q CPC rt , re spectively. These vari ables are con strained with their min i mal and max i mal val ues. Part load ra tios might be used in stead.
Ca pac i ties and part load per for mance of cool ing units de pend on the tem per a ture of chilled wa ter leav ing the chiller, evap o ra tor out let tem per a ture and con denser in let tem per a ture. These de pend en cies are con sid ered, but for the op ti mi za tion pro ce dure ther mal and elec tri cal power in puts are given as the func tions of re frig er a tion power outputs as:
where & Q ABC t is the ther mal power in put into ab sorp tion chiller, & W ABC xt -the aux il iary elec tri cal power re quired by the ab sorp tion chiller, and & W CPC t -the elec tri cal power in put into com pres sion chiller.
De mand re lated con straints
The model de scribed in this pa per must con tain at least three more con straints, i. e. con straints, shown in eqs. (10)- (12) , that en sure that the de mands of all the forms of en ergy (elec tri cal, heat ing and cool ing) are sat is fied by the tri-gen er a tion plant out put con sist ing of the co-gen er a tion unit(s), sup ple men tary heat ing unit(s), and re frig er a tion units: 
where are non-neg a tive in te ger vari ables in di cat ing num ber of units of each com ponent run ning dur ing the ob served time in ter val, re lated to the en gine gen er a tor sets, hot wa ter boil ers, ab sorp tion and com pres sion chill ers, re spec tively.
It is pos si ble to de fine other, case spe cific con straints and vari ables in ad di tion to ones pre sented in eqs. (10)- (12), if ap pro pri ate.
Pri mary en ergy sav ings
Pri mary en ergy sav ings func tion rep re sents the dif fer ence be tween pri mary en ergy con sumed by the co-gen er a tion plant and pri mary en ergy con sumed by the ref er ent, non-cogeneration plant that pro duces the same amounts of en ergy of each kind. Eu ro pean Commis sion de fines pri mary en ergy sav ings for cogeneration plants in [20, 21] . Sim i lar in di ca tor, called fuel en ergy sav ings, is de fined in [22] . Chicco et al. [13] de fine tri-gen er a tion pri mary energy sav ings. In this pa per, pri mary en ergy sav ings func tion is de fined as: 
Some ref er ent val ues for ef fi cien cies are sug gested in [21] and [13] . In this pa per ref erent value for to tal elec tri cal en ergy gen er a tion ef fi ciency is 0.4, for boiler plant ef fi ciency 0.82, while ref er ent COP for elec tric chill ers is 3.
An nual pri mary en ergy sav ing func tion might be rep re sented as the sum of pri mary energy sav ings for all time in ter vals .
Eu ro pean leg is la tive [20] de fines the con di tion high ef fi ciency co-gen er a tion pro duction should sat isfy. It is re lated to pri mary en ergy sav ings and as sumes that high ef fi ciency co-gen er a tion pro duc tion is one that has pri mary en ergy sav ings of at least zero for small units (less than 1 MW e ).
Re sults
In the case pre sented here, the ob jec tive was to de fine op er a tion re gimes that would result with the low est sim ple pay-back pe riod for the pro ject of im prove ment of en ergy sup ply sys tem for heat ing and air con di tion ing by im ple men ta tion of nat u ral gas fired re cip ro cat ing engine for co-gen er a tion of ther mal and elec tri cal en ergy and ab sorp tion re frig er a tion units. In the base line sce nario, the fa cil ity pro vides ther mal en ergy for heat ing with two nat u ral gas fired boil ers of 490 kW each and for cool ing with com pres sion chiller of 444 kW. Ap pli ca tion of one en gine gen er a tor set of 315 kW e is con sid ered. For each month, one typ i cal day is cho sen for which hourly pro files of elec tric ity, heat ing, and cool ing de mands are ob tained. Af ter sim u lations and op ti mi za tion, op ti mal op er a tional re gimes are de fined, de pend ing on the de mands and en ergy prices. In fig. 4 , hourly de mand curves and op ti mal op er a tional re gimes for co-gen er ation and re frig er a tion units are shown for typ i cal days in April, Au gust, and De cem ber for high tar iff elec tri cal en ergy price of 9 c€/kWh. Val ues of de ci sion vari ables, as well as cho sen op er a tional re gimes are strongly depend ent on elec tri cal, heat ing, and cool ing de mand and prices of en ergy com mod i ties.
Op ti mal op er a tion re gime dur ing most of the time as sumes fol low ing the heat ing load, as can be seen in fig. 5 . When cool ing load ex ists, it is some times ra tio nal to sat isfy part of cool ing de mand from the ab sorp tion chill ers that use ther mal out put from the co-gen er a tion unit. When elec tri cal en ergy price is higher, pe ri ods when us age of ab sorp tion re frig er a tion units is ra tio nal are more fre quent, since elec tri cal en ergy in put into com pres sion chill ers is more ex pen sive, making these units less fi nan cially at trac tive to use. It is con cluded that for this fa cil ity, un der above de fined con di tions, max i mal ca pac ity of ab sorp tion re frig er a tion unit that is op ti mal for use is approx i mately 236 kW, when high tar iff elec tri cal en ergy price is 10 c€/kWh, while for lower electri cal en ergy prices this val ues de creases down to 204 kW for 9 c€/kWh and 99 kW for c€/kWh. When elec tri cal en ergy price is 7 c€/kWh, ab sorp tion unit is not used at all in op ti mal op er a tion sce nar ios.
Higher price of elec tri cal en ergy purchased from grid also makes im port of electric ity more ex pen sive and pro duc tion of elec tri cal en ergy in co-gen er a tion unit more at trac tive. Thus, more elec tri cal and heat ing en ergy is pro duced in en gine gen er a tor set when elec tri cal en ergy price is higher. It is also ob vi ous that in most cases dur ing the in ter vals when elec tri cal en ergy from the grid can be pur chased for low tar iff price (from mid night to 8 AM) run ning of co-gener a tion unit and pro duc tion of elec tri cal energy is not op ti mal.
From the pre vi ous dis cus sion it is log i cal to con clude that fi nan cial in di ca tors are the best when elec tri cal en ergy price is high est, as shown in fig. 5 and tab. 1. In crease of sim ple pay-back pe riod with elec tri cal en ergy price is ob vi ous. It is the con se quence of the fact that elec tric ity im port al ter na tive for sat is fac tion of elec tri cal de mand, as well as for cool ing purposes be comes more ex pen sive, i. e. less at trac tive com par ing to co-gen er a tion and ab sorp tion cool ing us ing co-gen er a tion ther mal out put.
Pri mary en ergy sav ings cal cu lated us ing eq. (14) is in the range from 14.37% to 17.49%. With the in crease in the num ber of hours of run ning en gine gen er a tor set and ab sorption chiller pri mary en ergy sav ings also in crease ap proach ing its max i mal value of 19.87%. For this case, i. e. for this equip ment and such part load per for mance, as well as for the ref er ent condi tions de fined above, re sults show that the best pri mary en ergy sav ings is achieved mostly running the co-gen er a tion unit in heat match mode, i. e. re gime dur ing which en gine is op er ated to fol low heat ing en ergy con sump tion of both the heat con sumer and ab sorp tion re frig er a tion unit. Heat ing de mand is cov ered by the en gine gen er a tor set and cool ing de mand is also cov ered using the en gine ther mal out put. En gine ex haust gas ses are mostly cooled down to the min i mal al - lowed tem per a ture, in this case 120 °C. If engine ther mal out put is not high enough to cover con sumer and ab sorp tion chiller de mand, addi tional cool ing en ergy is pro vided by the com pres sion re frig er a tion unit. Elec tri cal energy from the en gine gen er a tor set is used for sat is fy ing con sumer de mand and to run chillers. Ex cess elec tri cal en ergy, if any, is exported to the grid, while for the cases when addi tional elec tri cal en ergy is re quired, it is im ported from the grid, keep ing the en gine gen er a tor set at the part load op er a tion high enough to sat isfy heat ing en ergy con sump tion. This is con cluded us ing the hourly pri mary energy sav ings func tion as the ob jec tives in op ti mi za tion. Max i mal value of pri mary en ergy savings log i cally does not de pend on the prices of en ergy com mod i ties.
For en gine gen er a tor set, as sign ing elec tri cal en ergy price and feed-in tar iffs value to elec tri cal en ergy costs val ues, ther mal en ergy cost is de ter mined ac cord ing to [23] and pre sented in tab. 1. Also tri an gle of prices for en gine gen er a tor set is con structed and shown in fig. 6 .
Con clu sions
In this pa per an ap proach to op er a tional op ti mi za tion of tri-gen er a tion plants with natu ral gas fired re cip ro cat ing en gines is pre sented. Op er a tional op ti mi za tion of such fa cil i ties is im por tant for short term en ergy pro duc tion plan ning based on en ergy de mand fore casts, for opti mal con trol of the equip ment of a tri-gen er a tion plant, but also as a part of de sign level op ti miza tion and de ci sion mak ing in the fea si bil ity stage of the co-gen er a tion/tri-gen er a tion pro jects.
Re sults of one of the anal y ses per formed us ing this model are pre sented. It is shown that val ues of de ci sion vari ables that de ter mine op er a tional re gime de pend on elec tri cal, heating, and cool ing de mand, as well as on en ergy commodities prices.
In crease in elec tri cal en ergy price in flu ence higher costs re lated to base line sce nario (with out co-gen er a tion) for both sat is fac tion of elec tri cal de mand and cool ing pur poses. At the same time, co-gen er a tion of heat ing and elec tri cal en ergy be comes more fi nan cially at trac tive, as well as us ing ther mal out put of co-gen er a tion unit for ab sorp tion cool ing. pay-back pe riod of co-gen er a tion pro jects de creases, as well as cost of ther mal en ergy pro duced in co-gen er a tion unit.
It can also be con cluded that small scale (up to 1 MW e ) tri-gen er a tion plants con sume less pri mary en ergy com pared to con ven tional plants for sep a rate pro duc tion due to higher overall ef fi cien cies and small dis tances be tween fa cil i ties and end us ers. Higher elec tri cal en ergy price re sults in the in crease in the num ber of hours of run ning en gine gen er a tor set and ab sorption chiller in flu enc ing pri mary en ergy sav ings also to in crease from 14.4% to 17.5% ap proaching its max i mal value that in this case is al most 20%. 
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